Abstract: We report a widely tunable narrow-linewidth nanosecond optical parametric generator (OPG). For self-injection seeding a small fraction of the OPG output is spectrally filtered and, after delay in a fiber, superimposed with the succeeding pump-pulse.
ofthe produced OPG signal pulse and to re-inject it (as seed radiation) back into the OPG crystal. In this contribution, we report on the optical properties of a widely tunable narrow-linewidth nanosecond optical parametric generator with self-injection seeding via fiber feedback.
The setup of the OPG system is shown in Fig. 1 . An optical fiber isolator is placed at the end ofthe fiber to prevent scattered light from being coupled back into the fiber output facet. The signal pulse, transmitted by the fiber, is refocused into the PPLN crystal by a combination of a fiber collimator and a lens with a focal length of 250 mm to spatially superimpose the delayed seed pulse with the succeeding pump pulse. Efficient self-injection seeding requires that the seed pulses overlap in time with the succeeding pump pulses. As the fiber length is fixed, the pump laser system must allow for continuous tuning of the pulse repetition rate. Furthermore, the pulse-to-pulse timing jitter of the pump laser must be reduced to a minimum. For this purpose, a new electronic concept for the pulse generation in acoustooptical Q-switched lasers has been developed. Thus, a pulse-to-pulse timing jitter of less than +/-300 ps was achieved, which is well suited for injection seeding ofOPG signal pulses with a duration of about 10 ns. In fig. 2a , the OPG signal spectrum is displayed on a logarithmic scale for seeded and unseeded operation. The OPG temperature was 150 'C. At this temperature the OPG generates a signal wavelength of 1547 nm which is related to an idler wavelength of 3407 nm. The OPG signal bandwidth for unseeded operation is 2.2 nm. For spectral overlap between the seed wavelength and the center wavelength of the signal radiation, a voltage of 10.8 V is applied to the piezo actuators of the T-FFPI. The time overlap between the seed pulses and the pump pulses was optimized by fine tuning of the pulse repetition rate of the pump laser.
The applied average pump power was 3.0 W. At this pump level, the OPG total output power was 1.0 W corresponding to a signal power of 0.68 Wand an idler power of 0.32 W. As can be seen from fig. 2a , self-injection seeding reduces the broad OPG signal spectrum efficiently to a narrow line. It should be mentioned, that the applied seed power could not be measured due to the insufficient sensitivity of the available power meters. A seed power of about 18 nW was estimated from a measurement of the fiber output power without the T-FFPI and taking the losses, caused by the T-FFPI, into account.
The bandwidth of the seeded OPG signal spectrum was measured with a scanning Fabry-Perot interferometer (S-FPI) with a free spectral range of 2 GHz and a finesse exceeding 200 (see fig. 2b ). The side-bands in fig. 2b were caused by the excitation of higher order modes inside the cavity of the S-FPI. Although the side-bands could not be eliminated by fine tuning of the Fabry-Perot cavity, they could be shifted in frequency and changed in shape by adjusting the S-FFPI's relative position to the incoming OPG signal radiation. The OPG wavelength could be tuned by varying the voltage applied to the piezo actuators of the T-FFPI (see fig.  3a ). In the experiment, the center wavelength ofthe unseeded OPG signal spectrum was fixed at 1547 nm. The full width of half maximum of the unseeded signal spectrum was 2.2 nm. By changing the piezo voltage in the range from 8.6 to 1 1.5 V, the wavelength of the injection-seeded OPG signal radiation could be tuned from 1544.8 to 1548.5 nm. The signal bandwidth thereby varied from 212 to 236 MHz. Within this tuning range, the signal spectra did not contain broadband background emission, when displayed on a linear scale. As can be seen from fig. 3a , the signal bandwidth increases when the seed wavelength differs from the center wavelength of the parametric gain. These variations are caused by the shape of the parametric gain spectrum, as discussed in ref. 3 . Wider tuning ranges could be achieved by simultaneous tuning of the crystal temperature and the FEPI piezo voltage. As displayed in fig. 3b , the OPG signal wavelength could be tuned from 1547 to 1609 nm by changing the crystal temperature from 150 to 250°C. The corresponding idler radiation was in the range from 3141 to 3407 nm.
At each temperature, the piezo voltage was adjusted so that the seed wavelength coineides with the center wavelength ofthe parametric gain spectrum. Within the tuning range, the OPG signal bandwidth did not exceed 221 MHz. The achieved signal wavelength tuning of 62 nm and thus the corresponding idler tuning was limited by the fixed period of the ferroelectric domains of the PPLNerystal. Wider tuning can be obtained by the use of multichannel structured crystals with different quasi-phase-matching periods.
In conclusion, we have demonstrated wide wavelength tuning of a narrow-linewidth nanosecond optical parametric generator by selfainjection seeding. At an average pump power of 3.0 W, the OPG emitted 0.68 W of signal power and 0.32 W of idler power. To accomplish self-injection seeding, a small fraction of the signal pulse energy was delayed in a 22-km-long single-mode fiber, spectrally filtered by a tunable fiber Fabry-Perot interferometer and superimposed in space and time with the succeeding pump pulse. Self-injection seeding significantly reduced the signal bandwidth from 276 GHz for the unseeded OPG to 206 MHz for injection-seeded operation. The OPG wavelength could be tuned over a range of 464 GHz while the center signal wavelength of the parametric gain was fixed at 1547 nm. Within the tuning range the signal bandwidth was less than 236 MHz. Wider tuning ranges could be achieved by simultaneous tuning of the OPG crystal temperature and the FFPI piezo voltage. Thus, the signal and idler wavelength could be tuned from 1547 to 1609 nm and 3141 to 3407 nm, respectively. Within this range, the signal bandwidth varied slightly from 200 to 220 MHz. In the experiment, the achieved wavelength tuning was only limited by the period of the ferroelectric domains ofthe used PPLN crystal.
